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(57) Abstract: A method of fabricating a micro electro-mechanical system device comprises: providing at least two layered wafers; 
selectively etching layers of said wafers and joining the etched wafers to form the device. One or more of said wafers comprises at 
least two material layers which, when selectively etched, form a part of the assembled device, said material layers having a layer of a 
different material therebetween which is resistant to an etchantof said material layers and wherein at least one of said material layers 
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channels within wavelength division multiplex (WDM) optical signals, optical switches and variable optical attenuators for use is 
WDM optical telecommunications systems. 
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MTPT^n FJ^ECTR O-MECHANICAL SYSTEMS 

This invention relates to micro electro-mechanical systems (MEMS) and more 
particularly to a method of fabricating such devices. More especially, although not 
exclusively, the invention concerns a tuneable optical filter for use in wavelength 
division multiplex (WDM) optical teleconununications system arid a method for making 
5 the same. 

MEMS are becoming more complex, particularly where such devices also contain an 
optical function (MOEMS) such as for example micro-machined tiltable mirrors for use 
in optical cross connects in optical telecommunications, wavelength tuneable filters in 

10 the form of single etalon stractures for selecting wavelength channels within 
wavelength division multiplex (WDM) optical signals, optical switches and variable 
optical attenuators for use in WDM optical telecommunications systems to name but a 
few examples. For MOEMS the tolerances on dimensions, flatness, positional accuracy 
and parallelism of. optical surfaces are crucial to the performance of the device. To 

15 accommodate tiie increasing complexity of these systems it is becoming necessary to 
fabricate the device from a number of wafers which are micro-machined and joined to 
form a layered assembly. 

Depending on the particular device the cavities, or spaces, within or between the layers 
20 may need to be of the order of a few microns and up to 1 mm but with a tolerance that 
might be of the order of nanometres. Such accurate spaces over these relatively large 
dimensions cannot be easily defined using conventional spacing techniques like glue 
preforms or solder bonds. Neitiier can they be achieved by the deposition of materials 
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by evaporation, sputtering or electroplating, which are either only capable of thickness' 
of a few microns or impossible to control with sufficient accuracy in greater thickness'. 



Most commonly MOEMS are fabricated using silicon micro-machining to provide the 
5 selected gaps between various thin film materials. In silicon micro-machining multiple 
layers of different materials are selectively deposited onto a flat substrate, such as a 
silicon wafer, such that the gaps separating each material are defined by the thickness of 
the intervening material. In an extension of this principle one or more of the intervening 
materials can be selectively removed (typically by chemical etching) to create an air gap 

10 of a distance defined by the removed material. One major limitation of deposition 
followed by a selective etching process, often termed surface micro-machining, is that 
nearly all thin film materials when deposited onto a different material have an intrinsic 
stress associated with them. Although this stress can be relieved when an underlying 
material is removed from the overlying material, this often results in a buckling or 

15 distortion in the overlying film (membrane) such that the dimension of the cavity 
created is not well defined. In applications which involve optical interactions such as, 
for example, an etalon, the membranes are required to be of exceptional flatness (sub 
nanqmetre) and to be aligned with exceptional parallelism relative to one another such 
that the gap can be adjusted with sub nanometre control by, for example, the application 

20 of an electrostatic or piezoelectric force. 



In an attempt to reduce the likelihood of buckling or distortion of the membranes it is 
also known to fabricate MEMS by micro-machining silicon on insulator (SOI) wafers. 
As is known SOI technology was originally developed for fabricating high power 
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semiconductor devices and has subsequently been applied to the fabrication of MEMS. 
Typically an SOI wafer comprises a first layer of silicon, often termed handle layer, for 
handling the wafer during processing, an insulating layer, most often an oxide such as 
silicon dioxide, which acts as a buried etch stop when the wafer is used in the 

5 fabrication of a MEMS (rather than providing an electrically insulating layer as requited 
in the fabrication of semiconductor devices) and a further silicon layer usually termed a 
device layer in which the device is formed. A particular advanta^ of using SOI for 
fabricating MOEMS is that since each silicon layer can be single crystal this results in 
them being substantially free of stress and consequently reduces the likelihood of 

10 buckling of the surfaces. 

There are several methods of fabricating SOI wafers. One of the most common is to join 
two silicon wafers together in which one of the wafers is coated with silicon dioxide. 
Fusing of the wafers is achieved by firstly ensuring that botii wafers are exceptionally 
15 flat and then pressing them together while being heated to an elevated temperature. 
This results, in a continuous bond between the silicon oxide coated silicon wafer and the 
pure silicon wafer. The silicon on one side of the silicon oxide barrier is then lapped 
and polished away to leave a thin layer (<2 ^m - 100 |im) on one side (device layer) 
and a relatively thick layer on the other (handle layer). 

20 

SOI wafers have the advantage that the individual silicon layers are single crystal and 
substantially fi-ee of stiress and tiiat they may be readily etched in either a Uquid or 
vapour, which has a high specificity for tiie silicon but very poor etching rate of the 
silicon oxide. SimUarly the silicon oxide can be etched with chemical constituents 
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which have a very poor etch rate for pure silicon. By careful use of photolithographic 
masks, very precise structures can be machined into the silicon/silicon oxide layers. 



In .wavelength division multiplexed (WDM) optical communication a number of 
5 channels of information are carried on a single beam of light by combining a number of 
closely spaced wavelength channels. The conventional C band for instance has a 
bandwidth of 40 nm (1520 - 1560 nm) containing 32 channels of information each 
channel being 0.8 nm wide. At various points in the network it is required to select one 
or more channels and re-route them elsewhere. At present this is achieved by splitting 
10 the beam to pass into a number of separate optical fibres and providing a fixed 
wavelength filter at the output of each fibre which allows only one of the wavelength 
channels to pass. Thus each route can select only one channel. For current 
telecommunications systems there is a requirement to develop filters which are tuneable 
across the wavelength band of interest so that any one channel can be chosen from a 
1 5 single fibre providing optical flexibility. 



One solution to this problem which has been proposed comprises a single cavity etalon 
filter. As is known such a device comprises two mirrors which are separated by a gap 
which is selected to be a finite number of wavelengths. For a given wavelength this gap 
20 is such that an optical resonance is created within the cavity between the two mirrors 
and that wavelength is able to pass through ttie mirrors. It is possible to tune the 
wavelength by varying the optical path length of the gap between the two mirrors either 
by modifying the refractive index of the medium between the two mirrors or by 
physically adjusting the gap between the two mirrors. The medium between the mirroris 
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may be a liquid, gas or vacuum provided it is substantially transparent at the 
wavelengths of interest. For the current and future spacing of the WDM channels this 
would require a cavity whose gap is very precisely defined and which can be adjusted 
with nanometre accuracy. 

5 

As described in our co-pending patent application GB 0003973.5, the content of which 
is hereby incorporated by way of reference thereto, the optical characteristics of an 
. etalon filter can be improved by using a double cavity in which three mirrors are 
separated by two optical cavities. By physically adjusting the optical path length 
10 between the mirrors the optical shape of the filter can be significantly improved. This is 
achieved by the outer two mirrors being moveable. As described in our co-pending 
application such a filter enables any wavelength channel to be selected without needing 
to scan through intermediate channels. 

15 The present invention arose in an endeavour to provide a method of fabricating a double 
cavity optical filter. 

According to the present invention a method of fabricating a micro electro-mechanical 
system device comprises: providing at least two layered wafers; selectively etching 
20 layers of said wafers and joining the etched wafers to form the device; characterised by 
one or more of said wafers comprising at least two material layers which when 
selectively etched form a part of the assembled device, said material layers having a 
layer of a different material therebetween which is resistant to an etchant of said 
material layers and wherein at least one of said material layers is of a pre-selected 



wo 02/24570 PCT/GBOl/04271 

6 

thickness which is used to define a spacing member for determining a distance between 
layers of the etched wafers when they are joined. 

Preferably the material layers comprises silicon, and the etchant resistant layer 
5 comprises silicon dioxide. 

According to a second aspect of the invention a micro electro-mechanical system device 
of a type comprising two or more layered .wafers which have been selectively etched 
and joined together to form the device is characterised in that one or more of said wafers 
comprises at least two material layers which when selectively etched form a part of the 
assembled device, said material layers having a layer of a different material 
therebetween which is resistant to an etchant of said material layers and wherein at least 
one of said material layers is of a pre-selected thickness which is used to define a 
spacing member for determining a distance between layers of the etched wafers when 
they are joined. 

Advantageously the one or more wafers comprises further material and etchant resistant 
layers and in which the further material layer is used to provide mechanical strength to 
the wafer and or assembled device. 



10 . 



15 



Preferably the material layers comprise silicon and the etchant resistant layer comprises 
silicon dioxide. 
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The present invention finds particular application for devices which also involve an 
optical interaction and in a preferred embodiment the distance between layers defines an 
optical cavity. 

5 In order that the invention can be better understood a tuneable optical filter fabricated in 
accordance with the invention will now be described by way of example only with 
reference to the accompanying drawings in which: 

Figure 1 is a schematic isometric representation of a tuneable filter in accordance with 
10 the invention; 

Figure 2 is a cross section through the filter of Figure 1 through a line "AA"; and 
Figures 3a - 3j illustrate various steps in the fabrication of the filter of Figures 1 and 2. 

15 Referring to Figure 1 there is shown a tuneable optical filter 1 in accordance with the 
invention for use within a WDM optical telecommunication system for selecting a given 
wavelength channel. The filter 2 comprises a three layered structure in which the 
respective layers, denoted "layer 1", 2 and 3 in the Figure, are bonded together to form a 
filter assembly. As will be more readily appreciated from Figure 2 the filter comprises a 

20 double cavity etalon structure which" is defined by a fixed central mirror 4 and two outer 
moveable mirrors 6 and 8. The fixed central mirror 4 is fabricated as part of layer 2 
whilst the moveable mirrors 6 and 8 are formed as part of layers 1 and 3 respectively. 
As will be apparent from Figure 2 appropriate movement of the mirrors 6 and 8 relative 
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to the fixed mirror 4 and in a direction parallel with the optical axis 10 of the filter alters 
the dimensions of the two cavities and hence their resonance characteristic and thereby 
enables the. filter to be selectively tuned to a desired wavelength channel. To enable 
movement of the mirrors 6, 8 each is mounted on a respective moveable support frame 
5 10 which is formed as an integral part of the surrounding material and which is 
resiliently and deformably attached to the surrounding material by four flexible linkage 
arms 12 which have been formed by selectively etching through the material (Figure 1). 
Movement of the mirrors can be effected using a piezoelectric transducer which is. 
conveniently deposited as a thin film and positioned on the linkage arms or using the 
10 electrostatic force generated between respective pairs of electrodes positioned on the 
support frames for the fixed and moveable nwrrors. To ensure paraUel movement of the 
mirrors 6, 8 four piezoelectric transducers or electrode pairs are provided for moving 
each mirror. 



13 A method according to the invention for fabricating the filter 2 will now be described, 
with reference to Figures 3a-3j, which illustrate various steps in the fabrication of the 
filter. Throughout these Figures, each of which is a cross section, the use of cross 
hatching has been deliberately omitted for reasons of clarity. 

20 Referring to Figure 3a there is shown a silicon on oxide (SOI) wafer 14 which is used 
to fabricate the layers 1 and 3 of the filter. Layers 1 and 3 are identical and the 
following process steps accordingly apply to the production of both layers. The wafer 
14 comprises a layered structure comprising, in order, a handle layer 16 of silicon (Si) 
which is used during fabrication to manipulate (handle) the wafer and to provide 
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mechanical strength once the wafer has been processed; a buried silicon dioxide layer 
18 (Si02) which acts as an etch stop during micro-machining of the wafer and a device 
layer 20 of silicon in which the moveable support frame 10 and. flexible linkage arms 
are to be formed. The device layer 20 is of a selected thickness with a very precise 
5 tolerance which is between 5 and 100 microns thick. The handle layer 16 can be any 
thickness appropriate to give mechanical support to the device and is typically 250 
microns. The silicon layers 16, 20 and oxide layers are substantially stress free and each 
have a very high tolerance on their thickness and parallelism. 

10 Referring to Hgure 3b the moveable mirror 6, 8 is selectively deposited onto the surface 
of the device layer 20. Typically the mirror is a multilayer dielectric thin film material 
which is deposited using for example sputter deposition or other deposition technique. 

Referring to Figure 3c the handle layer 16 is selectively etched to form a perimeter 
15 frame 22 which provides mechanical strength during subsequent processing of the wafer 
and allow acces to the buried oxide layer 18 for the next stage of fabrication. The firame 
22 also provides a mechanical support for the completed filter such that it can be 
mounted and interconnected into a suitable package. It will be readily appreciated by 
those skilled in the art that any of the known micro-machining techiques can used 
20 during the processing of the wafers such as for example wet (chemical) or dry (plasma) 
etching. 



Referring to Figure 3d using photolithography the oxide layer 18 and device layer 20 
are selectively etched through their entire thickness to form the moveable support 10 



wo 02/24570 PCT/GBO 1/042 71 

10 

and linkage arms 12. Finally the four piezoelectric actuators (not shown), in the form of 
a PZT film, are deposited on the linkage arms together with any metal layers required to 
allow electrical connection to the actuators. As described above in an alternative and 
preferred arrangement the support firame is moved electrostaically using elctrodes which 
5 are located around the perimeter of the support frame 10. In one embodhnent it is also 
envisaged to additionally include piezoresistive or piezoelectric sensors on one or moic 
of the flexible linkage arms to provide a measure of the strain and movement of tiie 
moveable support 10. Figure 3d represents the completed layers 1 and 3 of the filter. 

10 Referring to Figure 3e there is shown a second SOI wafer 24 which is used to fabricate 
layers 2 of the filter which includes the fixed mirror 4. The wafer 24 unlike the known 
SOI w4fers comprises a plurality of silicon device layers, three in the embodiment 
described, which are separated by a respective oxide layer. In order, the wafer 24 
comprises: a handle layer 26 of silicon which is used during fabrication to manipulate 

15 (handle) the wafer; a first buried silicon dioxide layer 28 which acts as an etch stop 
during miao-machining of the wafer; a first device layer 30 of silicon into which 
spacing members (stand offs) will be formed for precisely defining the the dimension of 
the first cavity when layers 1 and 3 are subsequently joined; a second buried silicon 
dioxide layer 32 which acts as an etch stop during micro-machming of the wafer, a 

20 second device layer 34 of silicon in which a support fi-ame for the fixed nurror 4 is 
formed; a third buried silicon dioxide layer 36 which acts as an etch stop during micro- 
machining of the wafer and a third device layer 38 of silicon in which spacing members - 
(stand offs) will be formed for precisely defining the the dimension of the second cavity 
when the layer 1 is joined to the assembly. As with the first SOI wafer 14 each of the 
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device layers 30, 34, 38 are of a selected thickness of a very precise tolerance and are 
substantially stress free. 

Referring to Figure 3f the device layer .38 of the second wafer is selectively etched to 
5 leave spacing members 40 (stand offs) extending from the surface of the wafer. It is to 
be noted that the spacing members 40, which can comprise a frame or a number of 
elements, extends from the wafer by an amount corresponding to the original thickness 
of the layer 38. The fixed mirror 4 is deposited in the form of a multirlayer dielectric 
film onto the surface of the third etch stop layer 36. Any electrical contacts as would be 
10 necessary for a filter which is to be operated electrostatically are appropriately deposited 
on the etch stop layer 36. 

Referring to Figure 3g the partially processed second wafer (FigureSf) is inverted and 
joined to the processed layer 3 (Figure 3d) to provide essentially a single wafer for 

15 further processing. All further processing of the wafer assembly is conducted on the 
exposed surfaces of the second wafer and the perimeter frame 22 of layer 3 is used as 
the handle layer. The two wafers are joined together by means of an adhesive joint 42 
around the periphery of the spacing members . 40 though a solder joint could 
alternatively be used provided suitable wetting surfaces are provided. Whatever 

20 bonding technique is used it should ideally provide a tensile bond which pulls the two 
wafers together until the spacing members abut the surface of the layer 3. This is 
important since the gap between the opposing surfaces of the fixed mirror 4 and 
moveable mirror 6 (first optical cavity) is determined by the dimension of the spacing 
members 40. 
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Referring to Figure 3h the handle layer 26 is completely removed and the first device 
layer 30 selectively etched to leave second spacing members (stand offs) 44. 

5 Referring to Figure 3i the second device and oxide layers 32, 34 are selectively etched 
through their entire thickness to define a frame which supports the fixed mirror 4. At 
this stage appropriate contacts can be. set down as required especially where it is 
intended to operate the filter electrostatically. 

10 Finally as shown in Figure 3j the completed layer 1 (Figure 3d) is inverted apd bonded 
on top of the processed wafer assembly (Figure 3i) by means of adhesive joints 46 to 
form the finished optical filter assembly 2, As will be apparent from the Figure the gap 
between the opposing surfaces of the fixed mirror 4 and moveable mirror 8 (second 
optical cavity) is determined by the dimension of the spacing members 44. 

15" 

It will be appreciated that the present invention is not limited to the optical filter 
described and that variations can be made which are within the scope of the invention. 
For example the method of using a layered wafer, most preferably an SOI wafer, having 
two or more device layers with a buried etch stop layer in between and micro-machining 
20 one or more of those device layers to provide spacing members such as to define very 
precise cavities and/or distances between layers of the machined wafers when the wafrs 
are subsequently joined is considered inventive in its own right and can accordingly be 
can be applied in the fabrication of any MEMS device. The present invention provides a 
method of fabricating and assembling a number of wafers such that gaps or spaces 
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between or within layers of the wafers are created that have a very well defined 
dimension, tolerance and parallelism. Since the thickness of the device layers of the 
SOI wafer are preselected when the wafer is made, this allows die spacing members and 
hence cavities to be created which have very precise dimensions. For example the 

5 thickness of the device layer used to create the spacing members could be as little as a 
fraction of a micron to many hundreds of microns, in either case the tolerence on the 
thickness being less than a micron across the entire wafer (up to 8 or more inches). This 
.has a number of advantges in that thousands of identical .devices all of which have the 
same dimensions and tolerances can be fabricated on a single wafer. Such dimensional 

10 accuracy is essential in applications in which the device operates at radio frequencies or 
involves optical interactions which can require accuracy in these dimensions which are 
a fraction of the wavelength of the radiation. 



15 
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CLAIMS 

L A method of fabricating a micro electro-mechanical system device comprising: 
providing at least two layered wafers; selectively etching layers of said wafers 
and joining the etched wafers to form the device; characterised by one or more 
of said wafers comprising at least two material layers which when selectively 
etched form a part of the assembled device, said material layers having a layer of 
a different material therebetween which is resistant to an etchant of said material 
layers and wherein at least one of said . material layers is of a pre-rselected 
thickness which is used to define a spacing member for determining a distance 
between layers of the etched wafers when they are joined. 

2. A method according to Claim 1 in which the material layers comprises silicon. 

3. A method according to Claim 2 in which the etchant resistant layer comprises 
silicon dioxide. 

4. A method of fabricating a micro electro-mechanical system device substantially 
as hereinbefore described with reference to and as illustrated in Figure 3a -3j of 
the accompanying drawings. 

5. A micro electro-mechanical system device of a type comprising two or more 
layered wafers which have been selectively etched and joined together to form 
the device; characterised in that one or more of said wafers comprises at least 
two material layers which when selectively etched form a part of the assembled 
device, said material layers having a layer of a different material therebetween 
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which is resistant to an etchant of said material layers and wherein at least one of 
said material layers is of a pre-selected thickness which is used to define a 
spacing member for determining a distance between layers of the etched wafers 
when they are joined. 

6. A device according to Claim 5 in which the one or more wafers comprises 
further material and etchant resistant layers and in which the further material 
layer is used to provide mechanical strength to the wafer and or assembled 
device. 

7. A device according to Claim 5 or Claim 6 in which the material layers comprise 
silicon. 

8. A method according to any one of Claims 5 to 7 in which the etchant resistant 
layer comprises silicon dioxide 

9. A device according to any one of Claims 5 to 8 in which the distance between 
layers defines an optical cavity. 



10. 



A tuneable optical filter substantially as hereinbefore described with reference to 
and as illustrated in Figures 1 and 2 of the accompanying drawings. 
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